Conjugate heat transfer from a flat circular disk is investigated both computationally and experimentally with a constant heat flux imposed on its bottom surface and a shower head of air jets impinging on the top surface. The shower head consists of a central jet surrounded by four neighboring perimeter jets. Measured temperature data at twelve locations within the plate are compared with the conjugate heat transfer result obtained at the same locations computationally by Shear Stress Transport (SST) κ-ω turbulence model. The spacing to orifice diameter ratio (H/d = 1 to 4), the jet Reynolds number (7115 to 10674) and the plate thickness to diameter ratio (0.25, 1 and 2) are varied. Measured temperature data within the solid plate agrees well with the computationally obtained conjugate heat transfer result. Primary peaks of the Nusselt number at the stagnation point and secondary peaks at the interaction points of the wall jets are observed. Local variation of heat transfer rate with varying H/d is significant but found to be less sensitive to the thickness ratio. When compared with a single jet of equal mass flow rate and Reynolds number, the shower head jets provide more uniform temperature distribution with higher heat transfer rate.
INTRODUCTION
Impinging jets are used for intense localized cooling of hot surfaces. Conventionally, a target plate of size L is cooled with a single jet of diameter D if the aspect ratio L/D is less than 10; refer Fig. 1 (a) . On the other hand, for a larger aspect ratio, arrays of jets arranged in either staggered or in-line fashion (Figs. 1 (b) and (c)) are used. Although heat transfer literature is replete with studies on single jet and multiple arrays of jets, a shower head as shown in Fig. 1 (d) has not been explored much. The important difference between the flow characteristics of various arrangements of impinging jets arises due to the flow resistance offered by neighboring jets. Huber and Viskanta pointed out this fact as early as 1994, in a study pertaining to array of axi-symmetric jets. Similar observations were also made later by other experimental investigators, for example, by Garimella and Schroeder (2001) in the case of nine jet impingement. It is envisaged that, as the jets are arranged in a five jet shower head fashion, ( Fig. 1 (d) ), the flow faces least resistance in the diagonal direction and hence the cooled target surface is expected to exhibit a more uniform temperature distribution. However, none of the earlier investigators pursued the flow and heat transfer study with the shower head arrangement. It is therefore proposed in the present paper that a shower head, consisting of one central jet and four perimeter jets shall replace the single jet by distributing the same mass flow rate through the five jets. The aspect ratio based on the pitch circle diameter of the perimeter jets (l/L), can be chosen to have a wider coverage of the target plate by the impinging jets.
One of the most recent experimental local heat transfer study of jet impingement on a flat surface is by Sagot et al (2007) . They compared the computational results obtained by various authors who used different RANS models, and recommended the usage of κ-ω SST turbulence model. Similar recommendation was also made by Ramakumar and Prasad (2008) for a concave curved surface. Sagot et al (2007) noted that the maximum difference in Nusselt number values calculated with constant heat flux and constant temperature boundary conditions was 12%. Katti and Prabhu (2007) reported local Nusselt number variation by imposing constant heat flux condition on a very thin foil plate, where the heat conduction could be neglected. Likewise, a large number of frequently referred jet impingement investigations on single jet by Martin (1977) , Jambunathan et al. (1993) , Naitoh et al. (2001) and O'Donovon (2007) and on multiple jets by Viskanta (1993 ), Emmanuel et al. (2000 , Geers (2008) were reported. In none of these, the heat conduction within the plate was considered. However, in practice, the thermal boundary conditions cannot be simply specified as constant temperature or constant heat flux, because the impingement heat transfer takes place together with heat conduction in the plate. Thus, this is strictly a conjugate problem. It is evident from the study of Luikov (1973) and Prasad and Sarkar (1993) , that thermal conductivity and thickness ratios dictate whether the conjugate study is important or not. In order to address this aspect, Siba et al. (2003) constructed an experimental model with 12.7 mm thick stainless-steel plate and used inverse heat conduction technique to calculate both surface temperature and heat flux by feeding measured temperature at 0.76 mm below the top surface. With the objective of studying the conjugate heat transfer, Yang and Tsai (2007) used low Reynolds k-ω turbulence model to predict the heat transfer coefficient for the flat plate model of Siba et al. (2003) . They predicted top (impingement) surface temperature variation by imposing different uniform heat flux values at the bottom surface.
All the reported investigations in the foregoing papers pertain only to the single jet or in-line/staggered arrays. It appears that there are only two investigation reported on the shower head arrangement. Aldabbagh and Sezai (2002) reported a study of laminar jets emanating from square holes with isothermal boundary condition imposed on the impingement plate. The second one is by the present authors, Panda et al. (2010) .
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Available at www.ThermalFluidsCentral.org It is evident from the above literature that the computational and experimental conjugate impingement heat transfer studies on the five jet turbulent shower head configuration have not been widely investigated. The broad objectives of the paper are therefore to report for the shower head geometry, (i) the validation of conjugate heat transfer computation by comparing with the measured temperature across the thickness of the plate, (ii) the flow structure of the interacting jets, (iii) the effect of varying H/d and Reynolds number on heat transfer rate, and (iv) a typical case of comparison between heat transfer rates from the single jet and the shower head.
EXPERIMENTAL DETAILS
The schematic layout of the experimental set up is shown in Fig.2 . Air is supplied by a reciprocating air compressor through a calibrated rotameter. Air filter and pressure regulator are installed upstream of the rotameter to filter the air and to maintain the downstream pressure. Air filter removes the moisture and dust particles from the incoming air. Flow regulating and bypass valves are placed in supply line to control the flow rate. Air enters into the plenum chamber through diverging section to reduce the velocity of the air. A seamless cylinder of 260 mm diameter, 500 mm height and 10 mm thickness, is used as plenum chamber, whose size is large enough to stabilize the flow and reduce the fluctuations. Air from plenum chamber enters into the impingement chamber which is made of 160 mm diameter, 250 mm height and 4mm thick mild steel cylinder. Air ejects as jet through five, 10mm diameter orifice and impinges on the target surface. Four holes are placed 90º apart from each other around a central hole and on the perimeter of a pitch circle, shown in Fig. 3 (a) . Distance between the centre hole and perimeter holes hole is 40mm. The impingement plate (160 mm diameter and 20 mm thickness) is heated from the bottom surface and circumferentially insulated. The plate is made up of mild steel. Impingement plate and heating element are placed over a stand, whose height can be varied by a lead screw mechanism to obtain the required H/d. The power input to the heating coil is controlled by a variable auto-transformer and measured by precision voltmeter and ammeters.
The impingement plate is instrumented with pre-calibrated T-type thermocouples placed 30º apart from each other at different depth and different elevations to obtain temperature distribution across the thickness of the plate. Positions of thermocouples are shown in Fig. 3 (b) and Table 1 . Overall diameter of the thermocouple is 1mm. Agilent 34970A (HP make) and personal computer with required software are used for data acquisition and storage. The experimental uncertainty is estimated to be about 6%. Figure 4 shows the geometric model that mimics the physical model used for experiment of interest. It consists of a semi-confined circular plate and 160 mm diameter, 20 mm thick impingement plate. The semiconfining plate consists of five orifices each of them is 10 mm. The jet ejects from the circular orifice to impinge on the solid plate. Distance between the impingement plate and the top wall is so varied as to obtain the H/d ratio from 1 to 4.
COMPUTATIONAL METHODOLOGY

Fig. 4 Schematic of the geometry and boundary conditions
The model can be divided into the fluid zone and the solid zone. The computational mesh suitable for finite volume method is generated by automatic grid generating tool GAMBIT 2.3.16. Non-uniform grids with clustered nodes are generated in the regions where steep gradient of temperature is expected. Optimum grid size is selected after the grid independence study. The grid sizes finally chosen are: 1.8million for H/d= 1; 2.3 million for H/d= 2; and 2.7 million for H/d = 4. The values of maximum y+ used in the present computations are around 1. For the purpose of computation, a specified velocity inlet condition is imposed at the entry to the orifices. A free stream turbulence intensity of 6% is chosen at the exit of orifice. The jet after hitting the plate exits into the atmosphere in transverse direction, all around the plate periphery, where constant (ambient) pressure outlet condition is imposed. A constant heat flux value is specified at the bottom surface of the plate and the periphery is circumferentially insulated. All the input values are those used in experiments.
The three dimensional conjugate heat transfer problem is formulated with the following assumptions: (i) the fluid is incompressible, (ii) the fluid properties are constant (iii) radiation and natural convection are neglected, (iv) viscous dissipation is absent and (v) the flow is steady. The governing equations used for simulations are the Reynolds averaged continuity, momentum and the energy equations along with the equations for modeling the turbulence quantities.
Boundary conditions used for the present study are, i) No slip boundary condition
and Toe =300K
iii) Entrainment condition, P= P atm at r = R, 0< z < H iv) Conjugate boundary condition,
A finite volume based solver Fluent 6.3 is used for solving the governing continuity, momentum, energy and turbulence model equations. SIMPLE algorithm is used for pressure velocity coupling. The solution is considered to be converged when the residual is in the order of 10-4 for continuity, momentum and turbulence equations and 10-6 for energy equation. The κ-ω SST model is adopted for simulation. Further, area weighted average of temperature of the impingement surface is continuously monitored, so that the variation will be within 0.1% for 1000 consecutive iterations. Simulation continued till solid plate reaches steady state.
The parameters investigated in the present study include (i) effect of H/d, varied as 1, 2 and 4, (ii) effect of jet exit Reynolds number, varied as 7115, 8299, 9500 and 10672 (iii) thickness of the plate is varied as 20 mm, 10 mm and 2.5 mm. Diameter of the jet orifice is kept constant as 10 mm.
RESULTS AND DISCUSSION
Validation of Conjugate Heat Transfer
As the fluid jet ejects out of the orifice with uniform velocity profile into the quiescent ambient, a continuous reduction in velocity takes place from its centre line to the outer boundary. With increasing distance from the exit, and increasing momentum exchange between jet and the ambient the free boundary of the jet is broadens while the potential core contracts. On the impingement surface the wall jets are formed and spread radially. The wall jet emanating from each impinging jet forms a collision front due to its interaction with the neighbors. Consequently an up-wash fountain flow takes place. Figure 6 shows these characteristic features of the shower head impinging jet along the chosen planes A-A (taken through three jets) and B-B and (plane considering centre jet and in between two perimeter jets) for H/d = 4. The heat transfer between the solid plate and the jet is determined by the condition of continuity of heat flux (conjugate condition) at the interface. The validity of the computational model for the conjugate heat transfer problem is ascertained by comparing the numerical results with the measured temperature data. Figure 7 shows the computationally obtained distribution of differential temperature (T-T min ) value is plotted at various heights from the bottom surface with the corresponding measured value superimposed on the same figure. Minimum temperature is measured along TC1 i.e. at the centre of the line drawn at a distance of 17mm from bottom surface. Considering the error band of ±6%, calculated using the uncertainity analysis the agreement between the measured and computational data is found to be good, lending confidence to the overall computational procedure.
Although all the plates are heated at their bottom surface by the supplying a constant heat flux; the top surface heat flux shows a different spatial variations of temperature (Fig.8 ) and heat flux (Fig.9) because of the variation of flow structure. Figure 8 shows the temperature distribution along line A-A on the top and bottom surfaces of three plates of different thickness values 2.5mm, 10mm and 20mm along line A-A. It is observed that in case of 2.5mm thick plate the values of temperature and its radial variation is almost the same on both the top and bottom surfaces. However in case of 10mm thick plate the temperature difference on the top surface is larger than the bottom surface. This temperature difference increases further for the 20mm thick plate. Notice that as the thickness increases, the both top and bottom surface attain near isothermality. Figure 9 shows the steady state heat flux distribution on the top and bottom surfaces of the three plates along line A-A. The radial variation of heat flux on the top surface is qualitatively the same for all three plates. The differences among them are attributed to the effect of conjugation. In a given radial variation, the heat flux values are larger where cooling rates are higher, e.g. at the stagnation points and the interaction zones. The peaks and valleys of the surface heat flux variation are explainable by the flow structure and discussed in the next section. Defining Nusselt number Nu = (h d)/k, where heat transfer coefficient: h = q"/ (T w -T oe ), the variation of Nusselt number is presented in Fig. 10 for the three plates along line A-A. A variation of around 6% is observed in the local Nusselt number value along A-A between 2.5mm and 20mm thick plates. The typical area weighted average heat transfer coefficients varies between 99.8 to 101W/m²K for plate of thickness2.5 and 20mm respectively, variation is near 1%.
Fig. 10 Nusselt number distribution on plane A-A;
for H/d= 2, q''= 3000 W/m 2 and Re= 9500 Figure 11 illustrates the dependence of Nusselt number on Reynolds number for H/d= 2 and q''= 2000 W/m² on line A-A. As expected the heat transfer rate is higher for high Reynolds number. At any Reynolds number the heat transfer rate has the highest value at the stagnation region and reduces radially. Second peaks are observed at the secondary stagnation points near upwash region. As stated earlier the position of second peak in the Nusselt number is independent of the Reynolds number hence the positions of the secondary peaks are found close to each other. Figure 12 shows the variation of Nusselt number with different Reynolds number in line B-B. The difference between the Nusselt number behaviors along line A-A and B-B is that, the magnitude of second peak is lower along line B-B. This may be because interaction at the nodal point of separation is weaker than secondary stagnation zone. There is a significant variation in heat transfer coefficient with Reynolds number. Area weighted average heat transfer coefficient for the Re = 7115 is 85.3 W/m²K and for the Re = 10674 case is 125.3 W/m²K over the impingement surface area. In other words the Nusselt number variation is dependent on the flow structure which in turn is dependent on various factors, including Reynolds number.
Fig. 11 Nusselt number distribution on plane A-A;
for H/d= 2 and q"= 3000 W/m². K (ii) The individual surface heat flux variations are highly significant and primarily dependent on flow structure rather than thickness.
(iii) The Nusselt number variation is therefore necessarily dependent both on thickness as well as flow structure.
The Nusselt number result (Fig. 11) does not seem to corroborate this result, because of the apparent insignificant variation of Nusselt number with thickness at a given Reynolds number. This may give an impression that conjugate heat transfer calculations are not required. This is not a correct conclusion due to the following reason, let assume that had the calculations are performed, with a constant heat flux boundary condition on the top surface, ignoring the effect of conduction, the Nusselt number variation would have been almost the same but the temperature of the surface would have shown wide variations with peaks and valleys. This is contrary to the fact where the surface temperature of a thick plate is more uniform as in Fig.8 . Thus the result is clearly indicates the importance of conjugate heat transfer and it heartening to notice that the computation predict the value quite well.
Effect of plate spacing to jet diameter ratio (H/d)
2. 1. Flow structure
The wall jets separates from each other in the impingement plane due to their interaction, are shown in Fig.13 for three different H/d values. When H/d is lower (H/d = 1) the separated flow/upwash flow impinges on the top wall to form low velocity wall jet. The top wall jet is then entrained into the main jet stream leading to the formation of two counter rotating vortices, shown in Fig. 13 (a) . When H/d is larger (H/d= 2 and 4) however the upwash flow cannot reach the top plate. As a result the upper wall jets do not form for higher values of H/d, as shown in Fig.13 (b and c) . The upwash fountain forms at the interaction region between the centre jet and the perimeter jet. Another pair of ring shaped eddies called as wall eddies are formed between the counter rotating vortex and the wall, as shown in Fig.13 (d) . Figure 14 shows the flow structure along plane B-B for H/d= 1, 2 and 4. In case of H/d = 1 the flow smoothly spreads radially outward, as shown in Fig. 14 (a) . Whereas in case of H/d = 2 and 4 flow separates and lifts up at the interaction region of wall jets, shown in Fig. 14 (b) and ( Figure 15 shows the variation of Nusselt number with different plate spacing to jet diameter ratio for Re= 9500 and q"= 3000 W/m² in line A-A. For higher H/d (= 4), the maximum Nusselt number value in the stagnation region is lower compared to lower H/d (= 1) by about 6-7%. The difference among Nusselt numbers at the centre jet is less compared to perimeter jet, because the perimeter jets are more affected by quiescent ambient air. The secondary peaks are observed at the interaction region of the wall jets of centre and perimeter jet. The position of the second peak point corresponds to the position of the formation of wall eddies and the valleys corresponds to flow separation point. The upwash fountain for lower H/d is more prominent hence larger secondary peaks are observed for lower H/d. for H/d= 2 and q"= 3000 W/m². K
2. 2. Heat Transfer
Comparison with single impinging jet
A comparative CFD study is made between the two cases: shower head and a single jet. The dimensions for single jet are decided by considering equal mass flow rate for both the cases. Thus the shower head (five) jets of 10mm diameter each are considered equivalent to single jet of diameter, D = 22.36mm. The corresponding height will also be change. For example, H/d = 2 implies the jet plate spacing of 20 mm for the shower head jet case and 44.72 mm for the single jet case. Figure 17 shows the temperature distribution on top surface of the plate for single jet and shower head jet for H/d= 2, Re= 9500 and q"= 3000 W/m²K. It is observed that temperature reduces monotonically radially outward from stagnation point to the entire extent for single jet case. In case of shower head however the temperature distribution is more uniform because the wall jets and their interaction regions cover the whole surface of the impingement plate effectively. Figure 18 shows the Nusselt number distribution on the impingement surface of the plate for H/d= 2, Re= 9500 and q"= 3000 W/m².K. In case of single jet the heat transfer rate is higher at the stagnation region and reduces radially outward. Whereas in case of shower head jet Nusselt number peaks form at the primary and secondary stagnation regions. This is because although temperature has a relatively uniform distribution, the heat flux distribution varies significantly throughout the plate surface. Area weighted average heat transfer coefficient for the single jet is found to be 95 W/m²K and for shower head impinging jet is 101 W/m²K a difference of about 7%. Specifically in the outer region of the plate the heat transfer rate lower for single jet, whereas in case of shower head heat transfer rate is almost uniform on the surface. for H/d= 2, Re= 9500 and q"= 3000 W/m². K Fig. 18 Nusselt number distribution on impingement surface; for H/d= 2, Re= 9500 and q"= 3000 W/m². K
CONCLUSIONS
Three dimensional conjugate heat transfer of flat circular disk is investigated with constant heat flux at the bottom surface and with a five-jet showerhead impinging on its top surface. The following conclusions are drawn from the study: 1. The good agreement between the measured temperature data within the plate and the conjugate heat transfer computational result obtained at the same locations prove the efficacy of the Shear Stress Transport (SST) κ-ω turbulence model for the chosen problem. 2. Nusselt number distribution on the plate is found to be independent of plate thickness. The difference in local Nusselt number is found to be maximum at second peak and is about 6% between impingement plates of 2.5mm and 20mm thickness. Whereas heat flux and temperature varies significantly across the solid plate due to flow structures and the plate thickness. 3. The features of the complex flow structure noticed due to the interactions of the central jet with the perimeter jets include (i) separation of the wall jets in the impingement plane (ii) the impingement of upwash fountain on the semi-confining upper plate for low H/d values, (iii) formation of wall eddies in between counter rotating vortex and impingement wall. 4. The Nusselt number on the surface is found to vary in accordance with the flow structure. Peaks are noticed in the primary and secondary stagnation zones. It is observed that the local heat transfer rate is higher for lower H/d, whereas the area weighted average heat transfer rates are not affected much. 4. Heat transfer rate increases with the increase in Reynolds number. The Nusselt number peak at the nodal point of separation is smaller in magnitude than the peaks observed in the secondary stagnation region. Position of the secondary peak is found to be independent of Reynolds number. 5. Shower head jets provide uniform temperature distribution with higher heat transfer rate in comparison with the single jet for same mass flow rate. The area weighted average heat transfer coefficient is higher by about 7% for showerhead jet for equal mass flow rate. 
NOMENCLATURE
